SEIDLER, R.D. Neural correlates of motor learning, transfer of learning, and learning to learn. Exerc. Sport Sci. Rev., Vol. 38, No. 1, pp. 3Y9, 2010. Recent studies on the neural bases of sensorimotor adaptation demonstrate that the cerebellar and striatal thalamocortical pathways contribute to early learning. Transfer of learning involves a reduction in the contribution of early learning networks and increased reliance on the cerebellum. The neural correlates of learning to learn remain to be determined but likely involve enhanced functioning of the general aspects of early learning.
INTRODUCTION
Adaptive and flexible modification of motor behavior is fundamental to the variety of skilled actions that characterize human behavior. As such, it is not surprising that motor learning is a heavily studied topic. In addition to examining the learning process itself, many studies make use of transfer tests to determine the generalizability and flexibility of acquired motor representations. Generalization of learning refers to the degree to which newly acquired skills can be produced with a new effector (23, 8) , in a new workspace (28) , or under new modes of movement (i.e., transfer from continuous tracking to discrete pointing movements [1] ). The patterns of transfer are then used to infer whether acquired representations are spatial, motor (i.e., joint-based or tied to the effector used during practice), or more abstract.
In addition to studying motor acquisition and the nature of acquired representations, recent studies have also focused on transfer of learning and learning to learn. The savings associated with transfer of learning (cf. 30) can be tested by having participants adapt movements to a perturbation, wash out the effects of learning, and then readapt to the same or a similar perturbation. This allows the determination of whether individuals can make use of the previously acquired motor memory to learn something new. There is also evidence that people can learn to learn new motor skills (4, 18) . In this case, participants acquire multiple unrelated motor tasks (adapt to a change in the gain of display of movements, visual feedback display rotation, sequence learning, etc.) successively, with the end result that they show faster learning than naive participants do. These data provide evidence that people can acquire something very general and transferable about the learning process itself.
The purpose of this review is to provide an overview of our current understanding of these multiple forms of motor learning. The underlying neural and behavioral mechanisms of each will be outlined, with a particular focus on whether motor learning, transfer of learning, and learning to learn are dissociable or overlapping processes. Here, I advance the hypothesis that transfer of learning and learning to learn differ from motor learning in unique ways. I propose that transfer of learning is similar, both in terms of the neural substrates and behavioral processes that are engaged, to the late phase of motor learning. In contrast, I propose that learning to learn reflects an enhancement of early phase motor learning processes.
MOTOR LEARNING
Skill acquisition (used interchangeably with the term motor learning in this review) has been defined as ''Ia set of processes associated with practice or experience leading to relatively permanent changes in the capability for responding'' (17) . Motor learning can be divided into (at least) two major categories: sequence learning and sensorimotor adaptation. When learning new sequences, individuals combine isolated movements into one smooth, coherent action, such as when practicing the components of a tennis serve.
For sensorimotor adaptation, participants modify movements in response to changes in sensory inputs or motor outputs, for example, when adapting the motor commands for arm movements in response to the altered limb dynamics associated with holding a tennis racket. In the current review, I will focus predominantly on the sensorimotor adaptation literature because a comprehensive review of both types of learning is beyond the scope of this article. Multiple theories of motor learning that encompass both adaptation and sequence learning have been previously proposed (cf. 9,33), and the reader is referred to these articles for further discussion of the topic.
The motor neuroscientist faces many challenges when aiming to identify the processes underlying motor learning. Because individuals learn at different rates and often adopt different strategies, it is difficult to characterize the dynamics of evolving motor behaviors. Moreover, motor learning is largely implicit, so verbal reports about the learning process are imprecise and unreliable. The greatest challenge occurs, however, because many of the same brain regions contribute to both skill learning and motor execution, making it particularly difficult to determine their respective roles in each. Parametric manipulation of variables such as movement rate, force, or motor error have revealed corresponding changes in activity in the sensory and motor cortical and subcortical regions of the brain (cf. 2, 26) . Because these same variables change with skill acquisition, it is difficult to disentangle whether changes in brain activation are reflecting the differing performance levels that occur with practice or rather represent true contributions to the learning process. To address this issue in the context of our motor learning experiments outlined in this review, we conducted a control study in which we induced performance changes in the absence of learning (26) . Participants made manual aiming movements using a joystick to hit targets of differing sizes on a computer display. Movements to smaller targets were slower and characterized by larger errors. We found that ''better performance'' (movements to larger targets, which participants made faster and with fewer errors) was associated with greater activation in the contralateral primary motor cortex, premotor cortex, and the basal ganglia ( Fig. 1A, B ). In contrast, we found that ''poorer performance'' (movements to smaller targets, which participants made more slowly and with larger errors) was associated with greater activation in the ipsilateral motor cortex, insular cortex, cingulate motor area, and multiple cerebellar regions ( Fig. 2A, B ). We are able to use these results to aid in the interpretation of our motor learning studies by determining whether a brain region that changes activation across the time course of learning is also associated with performance change in our control study. Such a finding would imply that a brain region may not be actively involved in the learning process per se but rather is reflecting the changes in performance that occur with practice.
Sensorimotor adaptation tasks are used to gain insight into how humans represent their environment, the mechanics of the body, and interactions between the two during movement planning and production. When individuals adapt movements to altered visual input, produced for example by prismatic lenses (32) , or altered visual feedback on a computer screen (4,5), they perform kinematic adaptations. When they adapt movements to force field perturbations (28), they perform kinetic adaptations. There is evidence that the cerebellum plays a central role in sensorimotor adaptation, predicting the sensory consequences of actions based on the motor commands and an internal model of the body dynamics (15) . These representations are updated via error feedback during sensorimotor adaptation (28) . Work by Imamizu and colleagues (12) has consistently shown brain activation in the cerebellar regions surrounding the posterior superior fissure during adaptation of movements to differing visual distortions, even after correction for performance differences occurring across the time course of learning. These findings support the notion that the cerebellum plays a role in sensorimotor adaptation.
Recent neuroimaging studies have shown involvement of the basal ganglia networks during kinetic adaptations (27) but not during kinematic adaptations (with the exception of adaptation to an altered gain of display (13)). In contrast, patients with Parkinson or Huntington's disease, which affect basal ganglia function, exhibit deficits in kinematic adaptation (14) . In an effort to resolve this discrepancy, we conducted a functional magnetic resonance imaging investigation of kinematic adaptation, focusing specifically on the early stage of learning (24) . Participants adapted manual aiming movements to either a 30-or 45-degree clockwise rotation of the visual feedback display ( Fig. 3 ), although we acquired functional magnetic resonance images. A novel finding of this study was bilateral basal ganglia activation. We observed activation in the right globus pallidus and putamen, along with the right prefrontal, premotor, and parietal cortex during early adaptation, which we proposed may support spatial cognitive processes of adaptation. We also observed activation in the left globus pallidus and caudate nucleus, along with the left premotor and supplementary motor cortex, which we proposed may support sensorimotor processes of adaptation. These results demonstrate a clear involvement of the basal ganglia networks in this type of kinematic motor adaptation task (24) . These findings are consistent with a recent theory of motor learning (9) and a computational model of adaptive processes (10) .
It is possible that the cortico-striatal circuitry may be playing a role in online error corrections (movement adjustments that are made within a trial) as opposed to playing a direct role in the learning process (adaptive adjustments made from one trial to the next). For example, patients with Huntington's disease, a basal ganglia pathology, are unable to perform within-trial adjustments for motor errors, but they do adapt their performance across trials (29) . In contrast, patients with cerebellar damage show the complementary deficit; that is, they can make online motor adjustments, but they do not show adaptive performance across trials (16, 29) . Both types of corrections are made early in the learning process, so the basal ganglia activation that we observed early in the adaptation process (24) may be reflective of online error corrections. However, the studies showing basal ganglia contributions to corrective actions have all involved responses to force (kinetic) perturbations as opposed to kinematic perturbations, such as the one that we used. Patients with basal ganglia pathology may have exhibited deficits for these tasks because of the known role that the basal ganglia play in force control (cf. 31), rather than because of a generalized role for this system in making error corrections. This hypothesis is supported by our control study (26) , in which we did not see increased activation in the basal ganglia nuclei for conditions in which participants made larger corrective submovements (i.e., movements to smaller targets). We believe that a more plausible reason for engagement of the basal ganglia circuitry during the early phases of adaptation is to support cognitive processes such as attention and working memory. This seems like a reasonable interpretation of our findings, given that the activation we observed was bilateral (as opposed to contralateral to the moving hand) and encompassed the caudate nucleus (24) .
In summary, our work and that of others shows clear involvement of the cerebellar thalamocortical networks to sensorimotor adaptation. These structures may contribute to adaptation through detection and correction of motor errors, as well as storage of newly acquired representations. Our work also demonstrates involvement of the cortico-striatal system during adaptation. It remains to be determined whether engagement of this system is related to performance (i.e., online error corrections) or instead actively supports cognitive components of the learning process.
TRANSFER OF LEARNING
Skill learning consists not only of the learning process itself but also the ability to transfer what has been learned to new conditions and task variants (savings of learning). For example, let us say that you have mastered the game of tennis, and now, you want to learn to play racket ball. There are similarities between the two sports, such as using a racket to hit a ball and the need to predict an opponent_s actions, and differences as well, including the dynamics of the ball and racket, the court surface, and the rules. These similarities and differences can lead to both positive and negative (due to interference) transfer of what you have already learned while practicing tennis. In the rehabilitation domain, an example of transfer of learning would be transitioning from making a movement under physical guidance to performing the task unconstrained. Recent work has focused on whether the mechanisms underlying motor acquisition (i.e., learning to play tennis) overlap with those of motor transfer (i.e., learning to play racket ball after already having learned tennis). I propose that transfer of learning is neurally and behaviorally similar to the late phase of motor learning.
We began to investigate the mechanisms of motor transfer in a study in which participants learned three related kinematic adaptation tasks in a sequential fashion (adaptation of manual aiming movements to three different magnitudes of clockwise feedback display rotation), allowing us to evaluate their ability to transfer what they were learning across the three tasks. We found that adaptation on one task occurred at a faster rate when that task was preceded by other adaptive experiences. Moreover, we found that the amount of savings that participants exhibited depended on the ordering of conditions and the variables used to assess transfer (19) . These results suggest that multiple fundamentally distinct processes are at play during motor transfer. We have also shown that motor acquisition and transfer are differentially affected by the aging process. That is, both young and older adults exhibit better adaptation performance after other adaptive experiences (22) , despite the fact that older adults exhibit impairments in initial adaptation (20) . This finding is important because it indicates that some aspects of sensorimotor plasticity are not detrimentally affected by the aging process. Effective rehabilitation paradigms should exploit this preserved plasticity in older adults. The findings also suggest that the underlying mechanisms of learning and transfer may differ, with those supporting learning, but not transfer, affected by the aging process.
Previous investigations of motor savings demonstrate that a memory of prior learning remains, which can be relied on for faster subsequent learning. Smith et al. (30) developed a computer model of short-term motor adaptation consisting of two processes: a fast learning module that was also fast to forget and a slow learning module that was slow to forget. The model successfully recreated several aspects of adaptation, including savings. Based on this model, we hypothesized that brain regions that are more active during the fast, early stages of learning would not be re-engaged at transfer because their memory for the learning decays quickly. In support of this idea, we found that motor transfer is associated with a reduction in activity of brain regions that play a role early in the adaptation process, including the right inferior frontal gyrus, primary motor cortex, inferior temporal gyrus, and the cerebellum (medial HIII and lateral HIV/V; Fig. 4) (25) . Moreover, although these regions exhibit activation that is correlated across participants with the rate of acquisition, the degree of savings at transfer was correlated with activity in the right cingulate gyrus, left superior parietal lobule, right inferior parietal lobule, left middle occipital gyrus, and bilaterally in the cerebellum (HV/VI). The cerebellar activation was in the regions surrounding the posterior superior fissure (Fig. 4) , which is thought to be the site of storage associated with sensorimotor adaptation learning. Thus, we found that motor transfer is associated with brain activation that typically characterizes late learning and storage. Transfer seems to involve retrieval of a previously formed motor memory, allowing the learner to move more quickly through the early stage of learning (25) .
In summary, our work on motor transfer provides evidence that motor acquisition and transfer are unique processes, dissociated by age and their neural substrates. Transfer of learning involves retrieval and modification of previously acquired representations and is neurally similar to the late phase of learning. Future work should be aimed at elucidating the underlying component processes contributing to these adaptive motor behaviors.
LEARNING TO LEARN V A NOVEL HYPOTHESIS
Traditionally, it has been thought that motor learning follows a specificity of learning principle, which suggests that learning is specific to the learning context and the task performed (3) and that generalized motor abilities do not exist (11) . In contrast with this idea, recent evidence demonstrates that a facilitation of learning can be observed when participants transfer to a new skill that is independent from those recently experienced, if they first participate in multiple bouts of learning (4, 18) . This would be akin to your prior experiences learning tennis and racket ball benefitting your ability to learn to ski, for example. The popular rehabilitation paradigm constraint-induced movement therapy includes components of learning to learn as well because patients typically perform multiple functional behaviors during a single session.
To test the specificity of the Blearning to learn[ phenomenon, we asked the participants to learn five different motor tasks, three that were similar to each other (three magnitudes of visuomotor rotation) and two that were not related (gain adaptation and sequence learning). The participants showed transfer of learning across the three visuomotor rotations and, surprisingly, also exhibited transfer of learning to the gain change and the movement sequence, showing faster learning than that seen in the control group. However, the experimental group had less stable movements when faced with transient perturbations. These data demonstrate that humans can acquire a general enhancement in motor skill learning capacity through experience, but it comes with a cost. Although movement becomes more adaptable after multiple learning experiences, it also becomes less resistant to external perturbation (18) .
The mechanisms underlying the learning to learn effect are unclear. One possibility is that the participants modulate limb stiffness, which can be done in a task-dependent manner across the time course of learning (cf. 6). Decreasing limb stiffness could be a useful method for the system to gain more information about environmental and task changes because it would make the limb more sensitive to perturbations. This would result in larger errors, providing the system more information to learn from. Another potential mechanism is that participants become better at some generalized aspect of skill learning, such as pattern detection or error detection and correction. These are functions that have been attributed to the anterior cingulate cortex (cf. 7), which is typically engaged in the early phase of the motor learning Figure 5 . The left image shows a lateral view of the brain, whereas the right depicts a midsaggital image. This study and those of others have shown that the early phase of learning sensorimotor adaptation tasks involves the basal ganglia thalamocortical loops (not shown), the medial cerebellum (MC), the anterior cingulate cortex (ACC), the inferior frontal gyrus (IFG), and visual (VC) and parietal (PC) cortical areas. We hypothesize that learning to learn involves enhanced contributions by these regions. Late learning involves the lateral cerebellum (LC), parietal (PC), and cingulate motor areas (CMA). process, regardless of the type of learning that participants are engaged in (24) . These and other potential mechanisms of the learning to learn effect remain to be tested.
Interestingly, we (21) and others (5) have shown that older adults exhibit intact Blearning to learn[ for motor skills. These findings have implications for the design of rehabilitation interventions. To maximize rate of learning and degree of transfer, training should not be specifically focused; rather it should encompass a varied program of motor learning experiences.
To summarize, we have demonstrated that individuals have an ability to learn how to improve their rate of motor learning. This ability is not negatively impacted by the aging process. The neural bases of this effect remain to be determined; similar to transfer of learning, although the dissociation between learning deficits and intact learning to learn in older adults (21) suggests that the underlying mechanisms differ between these components of sensorimotor adaptability. Our hypothesis that learning to learn involves an enhancement of early motor learning processes remains to be tested in future experiments.
CONCLUSIONS
Our ongoing work has been aimed at determining the neural and behavioral bases of different forms of skill acquisition including motor learning, transfer of learning, and learning to learn. For sensorimotor adaptation tasks, early learning engages the basal ganglia thalamocortical loops, medial cerebellum, the anterior cingulate cortex, the inferior frontal gyrus, and visual and parietal cortical areas (Fig. 5 ). This activation pattern likely supports cognitive aspects of the task, such as error detection and correction, working memory, and attention. As stated in the introduction, I hypothesize that learning to learn involves enhanced functioning of these component processes and their underlying neural systems. This seems plausible, given that the learning to learn benefit is evident primarily in the early phase of skill learning, but concrete evidence is lacking. This remains a fruitful area for future investigation.
In contrast, the late phase of motor learning engages the lateral cerebellum, parietal, and cingulate motor cortical areas (Fig. 5 ). This brain activation pattern likely supports storage and refinement of newly acquired sensorimotor representations. Transfer of learning, which involves retrieval and modification of previously acquired internal models, shows brain activation patterns that are similar to those of the late phase of motor learning, suggesting the engagement of overlapping processes for the two types of learning. Early learning processes may also be engaged at transfer, albeit at a reduced amplitude and over a much shorter timescale.
The encompassing scheme of motor learning processes outlined in this review extends existing models (cf. 9, 33) to include data and hypotheses regarding the neural and behavioral bases of transfer of learning and learning to learn. Understanding the neural bases and underlying cognitive components of motor learning, transfer of learning, and learning to learn helps to identify why certain movement disorder populations, such as patients with Parkinson disease, experience difficulty with aspects of skill acquisition. Moreover, the use of neuroimaging techniques can inform our knowledge of relationships between brain structure and function in the healthy brain, leading to a greater understanding of changes in motor performance associated with neurological disease and age. This information provides a necessary prerequisite to the design of effective interventions and treatments for these populations. Future rehabilitation paradigms should be based on newly emerging principles of motor learning, such as those outlined in the current review.
